The counting efficiency as a function of particle size has been calculated for a particular forward scattering aerosol particle counter that uses white light illumination for spherical particles with indexes of refraction 1.33-0i, 1.40-Oi, 1.50-0i, 1.592-0i, 1.50-0.05i, 1.50-O.li, 1.50-0.5i, and 1.95-0.66i. The counting efficiency differs from 100% because of statistical effects: photoelectron statistical broadening, variation in aerosol speed through the illuminated volume, nonuniform illumination of the sampled aerosol, and nonuniformity of the photomultiplier tube photo cathode surface. These spectra broadening effects have been determined for the particle counter by measurement of monodisperse aerosols, and the efficiency calculation is based on these measurements. For the particle counter studied, the efficiencies vary from 70% to slightly over 100% in the size ranges where the counter response is single valued. The efficiency for materials for which the response is not single-valued fluctuates wildly in those size ranges from about 20% to more than 10,000%. The efficiency as a function of particle size discriminator level setting is sensitive to particle refractive index and to the aerosol size distribution locally about that particle size. The method for calculation of the efficiency can be applied to light-scattering aerosol counters available commercially.
Introduction
Light-scattering aerosol counters are used for determination of size distribution and concentration of aerosol particles.
These devices work on the assumption that within a certain illuminated volume there is only one particle present. The intensity of light scattered into a certain solid angle is measured and used to determine particle size by electronically classifying response pulses according to their magnitude. Determination of particle size from the response is difficult because of the complicated dependence of the response on particle size, particle index of refraction, the lens geometry of the counter optical system, and the phototube spectral sensitivity. These difficulties have been studied previously by Quenzel,' Hodkinson and Greenfield, 2 Pinnick et al., 3 Oeseburg, 4 and Gucker and Rose. 5 But aside from these difficulties there are other problems in interpretation of light-scattering particle counter data that arise from statistical effects. Most important of these are (1) photoelectron statistical broadening, (2) not all particles spend the same time in the illuminated volume, (3) all aerosol is not uniformly illuminated, and (4) variation in point-to-point photomultiplier tube response. These spectra broadening effects are revealed if a light-scattering particle coun-ter is used to measure monodisperse aerosol particles of uniform composition. The resulting pulse-height spectrum contains a range of pulse heights; the peak value corresponds to the average intensity of light scattered, and the spread in the peak is a measure of the spectra broadening effects.
It is therefore necessary to associate a counting efficiency with a particular particle size discriminator level setting, which is generally less than 100% because of spectra broadening effects. Calculation of the particle counter efficiency is based on the particle counter response vs particle size, the spectra broadening, and some information regarding the particle size distribution of the aerosol counted. In this paper we calculate the counting efficiency for a particular forward scattering aerosol particle counter built by Rosen 6 of this laboratory that uses white light illumination for spherical particles with indexes of refraction ranging from that of water' (1.33-Oi) to that of carbon (1.95-0.66i).
Statistics Broadening and Counter Response
A schematic of the' counter optical system used in this study is shown in Fig. 1 . The instrument is essentially a dark field microscope with photomultipliers used as the detectors. Air, containing aerosol being sampled, is directed in a well-defined stream through the focal point of the condenser lens where individual aerosol particles scatter light into the microscopes and photomultipliers. The optical system permits collection of light scattered 8-38° from the direction of forward scattering with maximum collection capability at about 250. The output of the EXUST Fig. 1 . A schematic of the photoelectric particle counter. spectrum, counts vs The spectrum broadposition. The response to this aerosol is only fortyeight photoelectrons per particle, and thus the spread in the peak is due mostly to photoelectron statistics. Additional spread is caused by the fact that the time of passage of aerosol through the field of view of the microscope is variable, that not all aerosol is uniformly illuminated, and by nonuniformity of the photomultiplier response. Spread due to variation in aerosol particle size is negligible since the standard deviation in particle size is only 120 A, as measured by electron microscope. Pulse-height analyzer spectra similar to that in The smooth curve is an analytical fit to the data that will be used in calculation of the particle counter efficiency. The particle counter's response to the monodisperse aerosols measured has been compared to Mie scattering theory calculations in a previous paper, 3 and the reader is referred to that paper for the details of the calculation. Mie theory calculated response curves for several nonabsorbing and absorbing indexes of refraction are in Fig. 4 . For reference, water has index 1.33-0i, sulfuric acid with two hydrates has index 1.40-Oi, sodium silicates have indexes close to 1.50-Oi, polystyrene latex has index 1.592-0i, and carbon has index 1.95-0.66i. For nonabsorbing particles of diameter less than 0.3 /im, the response varies as r 6 . For nonabsorbing particles of diameter greater than 4 ,im, the response varies as r 2 . Between these two limits there is not always a unique relationship between particle response and particle size. For example, particles with index of refraction 1.40 and diameters 0.76 ,um, 1.0 gim, and 1.55 /um give the same response. It follows that even for polydisperse aerosol of one index of refraction, inphotomultipliers is a measure of intensity of light scattered by single particles and is fed into a 400-channel pulse-height analyzer.
The spectra broadening for this counter has been determined by measurement of monodisperse aerosols. If many nearly identical, spherical particles are sampled, the spread in the resulting pulse-height analyzer spectrum is a direct measure of spectra broadening due to photoelectron statistics and other statistical effects. A typical analyzer spectrum for monodisperse aerosol is shown in Fig. 2 . This particular spectrum is for aerosol made with Flowmaster ink with an average particle diameter of 0.74 gim. The particles are spherical to within error of measurement by an electron microscope. The position of the peak is a measure of the average intensity of light scattered by an aerosol particle and therefore is the counter response to aerosol of this size and com- formation regarding size distribution cannot be derived from measurements using the particle counter in the size range where there is not a unique relationship between particle response and particle size. As for nonabsorbing particles, the response for absorbing particles with diameter less than 0.3 Aim varies roughly as r 6 , but for particle diameters greater than 4 im the response varies linearly with particle diameter.
Calculation of the Particle Counter Efficiency
Aerosol particle counters measure polydisperse aerosol size distribution by electronically classifying response pulses according to their magnitude. We define the counter efficiency as the ratio of the number of particles counted (those that yield pulse heights greater than a particular size discriminator level setting) to the total number passing through the detector's sensitive volume with size greater than the particular size. A particle with size greater than that corresponding to the size discriminator level setting may not be counted for aforementioned reasons: it may scatter fewer photons to the photomultiplier tube than are scattered in the average by particles of its size, it may spend less time in the illuminating beam than do particles in the average, it may pass through a portion of the illuminating beam that is less intense than the average, or it may be a combination of these effects. For a particular electronic discriminator level setting, or equivalently a particular particle size, calculation of the counter efficiency involves the spectra broadening, the counter response, and the aerosol size distribution, all of which can be expressed as a function of particle size. For a particle radius r corresponding to discriminator level setting Rc (from the response curve for a particular index of refraction), the counter efficiency for counting particles with radius greater than r is I r' dN(r) 27rN(r,) JO dr
The quantity Ro (m,r) is the counter response as a function of index of refraction m and particle radius r. The statistics broadening R(R) is a function of the counter response R as shown in Fig. 3 . The nested integration is over response. This integral is the probability that a photomultiplier pulse has magnitude greater than Rc. The integral is squared since there are two phototubes, and they operate in coincidence, electronic level requirements being placed on both outputs. Squaring the integral assumes the phototube gains are adjusted to be equal, that the phototubes are sensitive to the same scattering volume, and that the phototubes are placed in the same portion of the scattering pattern. All these assumptions are valid for this particular. counter. The outer integral is over particle size. The aerosol is characterized locally about rc by the integral size distribution N(r), the number of particles with radius greater than r. Two integral size distributions are used; an exponential distribution N(r) = No exp(-r/ro) and a power distribution N(r) = Nor-a. The quantities r and a are then the size distribution parameters for the two types of distributions. The integration over particle size is from zero to infinity, since any particle with response greater than Rc should be included in this integration regardless of its size. This leads to efficiency values greater than 100%, particularly in regions where the response is not single valued and where the local size distribution about r falls off with increasing particle size.
The counter efficiency for counting particles with radius greater than rc has been computer calculated Due to the double-valued response property it is possible to choose an r < r having a response R > Rc. Therefore, a steep particle size distribution locally about a particular particle size discriminator level setting results in large efficiency values, since many particles with r < rc will be counted since their response values R > Rc. Setting discriminator levels in these regions should obviously be avoided.
The shape of the efficiency curve for a particular index of refraction is dependent on the response curve for that index, the size distribution used, and the spectra broadening. Outside the region of multivalued response (which is the region of importance, since, in practice, setting discriminator levels in the region of multivalued response should be avoided) the counting efficiency at a particular r is most sensitive to the local size distribution and the slope of the response curve about rc. Two effects contribute: the loss of particle counts for particles with r > rc due to spectra broadening and the gain of particle counts for particles with r < r due to spectra broadening. The relative weight of these two effects depends on the size distribution and slope of the response curve locally about rc. A relatively flat size distribution (a < 3 or r > 0.1 gim) and a steep response curve (response -r 4 ) combine to yield efficiency values less than 100%. Conversely, a steep size distribution (ro < 0.05 gim) and flat response curve (response -r) combine to yield efficiency values greater than 100%. Particle counter efficiencies for refractive index real part 1.50, and for several values of the absorptive part, are shown in Fig. 6 . As for nonabsorptive particles, the efficiency curves are similar in shape for particles less than 0.5 gim in diameter. For larger absorptive particles, the efficiency approaches a lower value than that for nonabsorptive particles.
The particle counter efficiency curve for carbon with index of refraction 1.95-0.66i is also in Fig. 6 and does not differ appreciably from that for particles with index 1.50-0.5i. The effect of using different size distributions in the calculation of the counter efficiency is shown in Fig. 7 for refractive index 1.40-Oi. The peculiar dependence of the efficiency for particle diameter less than 0.3 gm and for the power law size distribution with a = 5 is a result of the steepness of the size distribution in this range. For discriminator levels sets at 0.14 Am (which are hypothetical since in fact the counter is not sensitive to particles this small), more particles are counted with diameter less than 0.14 gm due to spectra broadening than particles not counted with diameter greater than 0.14 Am due to spectra broadening, resulting in a counting efficiency greater than 100%. 
Conclusions
Efficiency calculations for the Royco model PC220
and for the Jacobi counter have been made by Jaenicke 7 using a probability matrix formulation. The formulation presented here is more direct, and our results show the dependence of counting efficiency on particle index of refraction. Judging from these results for a particular counter that uses white light illumination and measures light scattered in the forward direction, and from response calculations for various other particle counters, 1 ' 2 ' 4 ; 5 ' 8 the variation of counter efficiency with particle size and index of refraction for these counters is believed to be significant. The counting efficiency of all light-scattering particle counters, regardless of their optical system geometries, is a sensitive function of the slope of the response vs particle size curve. This result is important even for sizing particles of a single refractive index. If a counter is used to size particles with a range of indexes of refraction, superior size distribution information can be obtained if discriminators are set in the regions where the response and efficiency are least dependent on refractive index. Finally, discriminator settings in regions where there is not a unique relationship between particle size and counter response should obviously be avoided. For the particular counter studied here, the counting efficiencies for level discriminators set at 0.25 gim and 0.5 m are nearly independent of refractive index and size distribution. Thus, these discriminator level settings are a good choice for this counter.
Although all results presented here are based on Mie theory for homogeneous spheres, they are approximately correct for slightly nonspherical particles with equivalent diameter less than about 0.5 gIM.
This remark is substantiated by measurements of the counter's response to monodisperse nonspherical particles of sodium chloride and potassium sulfate. For measurements made on particles of 0.45 m equivalent diameter (in the sense of a sphere of equal volume), the measured response was equal, within error of measurement, to the Mie theory calculated response.
For light-scattering aerosol particle counters available commercially, counting efficiencies can be calculated by the technique described here. The rez sponse curves for several counters may be found in the literature, 1 ' 2 5 8 but in general the spectra broadening due to photoelectron statistics and other effects must be measured. If measurements are not made in coincidence, the mathematical expression for efficiency would have only a single integral over response.
